Introduction
============

Inhalation anesthesia with sevoflurane has been widely used recently because of its fast emergence and fewer side effects. However, it is known that carbon dioxide absorbent in the circular breathing system can degrade sevoflurane to compound A (fluoromethyl-2, 2-difluoro-1-(trifluoromethyl) vinyl ether) which is nephrotoxic in animals \[[@B1]\]. Especially, during low flow anesthesia, which is increased nowadays by advances in anesthetic equipment, more compound A could be produced \[[@B2]-[@B4]\]. While compound A can cause renal tubular necrosis in animals, it has potential nephrotoxicity in humans when exposed over a certain level \[[@B5]\]. For this reason, in the United States, carbon dioxide absorbents are treated as a medical device by the Food and Drug Administration (FDA) (21CFR868.5300). However, in some contries, they are not classified as a medical device \[[@B6]\].

Nevertheless, the chemical composition of carbon dioxide absorbents can affect their capacities to produce compound A \[[@B7]\]. Thus, the carbon dioxide absorbent products made by various chemical compositions may differ in renal safety during sevoflurane anesthesia. In fact, according to our survey of the carbon dioxide absorbent products in the market, they differ from each other in chemical composition ([Table 1](#T1){ref-type="table"}). Until now, only a few studies have been conducted on animals or with the use of an artificial lung model \[[@B8]-[@B11]\]. Clinical studies about the renal safety of carbon dioxide absorbent products are scarce \[[@B12]\]. To the best of our knowledge, there is no study that compares the renal safety of carbon dioxide absorbent products using a renal injury marker during the perioperative period. Therefore, we conduct a clinical study of the perioperative renal safety of carbon dioxide absorbent products in patients undergoing sevoflurane anesthesia.

Materials and Methods
=====================

This study was approved by the Institutional Review Board of Seoul National University Hospital (H-0901-033-268) and all patients gave written informed consent. The subjects were 80 wemen, aged 20 to 80 years, scheduled for elective surgery of the uterus, ovary, or adnexa under general anesthesia with an expected duration of at least two hours. Patients were excluded if they were pregnant or breast-feeding, if they had an abnormality in the renal function test or if they had received anesthesia within one month.

Each subject was randomized into one of eight groups and underwent general anesthesia with one of four carbon dioxide absorbent products (Group A: Sodasorblime® \[Dong-a healthcare Co., Ltd., Seoul, Korea\], Group B: Sodalyme® \[Cogsi Co., Ltd., Seoul, Korea\], Group C: Sodasorb® \[W. R. Grace & Co., Columbia, Maryland, US\], Group D: Spherasorb® \[Intersurgical Ltd., Wokingham, Berkshire, UK\]) and two anesthetic agents (sevoflurane or isoflurane as a control). Before induction of anesthesia, the used carbon dioxide absorbent was replaced with a new carbon dioxide absorbent based on the study group to which the patient was assigned. The Dräger Primus (Dräger Medical, Lübeck, Germany) anesthetic machine with a semicircular breathing system was used.

Anesthesia was induced with thiopental or propofol and fentanyl. After loss of consciousness, vecuronium or rocuronium was injected and the patient\'s trachea was intubated after paralysis. For maintenance of anesthesia, sevoflurane or isoflurane with the fresh gas flow of 2 L/min was used according to the patient\'s group. The mechanical ventilator was set at volume control mode with a tidal volume of 10 ml/kg, a respiration rate of 10/min, and an inspiration/expiration ratio of 1 : 2. The fraction of inspired oxygen was 50% with medical air. During operation, the expiratory concentration of sevoflurane was maintained above 1 vol%. If any drugs were used that had a renal side effect, they were documented. Intraoperative fluid administrations are guided by hemodynamic status, blood loss, and urine output. After the operation finished, sevoflurane was discontinued and the fresh gas flow was increased to 6 L/min with 100% oxygen. Pyridostigmine and glycopyrrolate were used for reversal of residual muscle relaxation.

Intraoperative heart rates, blood pressures, peripheral oxygen saturation, body temperature and inspiratory and expiratory concentration of oxygen and anesthetic agent were recorded every five minutes. Blood and urine samples were obtained at preoperative, 24 and 72 hours after operation and blood urea nitrogen (BUN), serum creatinine and urine N-acetyl-b-glucoseaminidase (NAG)-creatinine ratio were measured. The exposure of sevoflurane was compared using minimum alveolar concentration (MAC) multiplied by hours. A MAC value of 2.05 vol% was employed for sevoflurane \[[@B13]\].

For postoperative pain management, intravenous patient controlled analgesia (PCA) was used. Morphine 50 mg, ketorolac 90-150 mg and ramosetron 0.3 mg mixed with 100 ml of normal saline was infused at a rate of 1 ml/h, plus a bolus of 1 ml with a lock out time of 15 min. The total amount of ketorolac used for PCA was documented. If a patient was treated with additional nonsteroidal antiinflammatory drug (NSAID), the name and dose were recorded and compared between groups.

Statistical analysis was performed using repeated measures analysis of variance (ANOVA) for the changes of serum BUN, creatinine and urine NAG-creatinine ratio in each carbon dioxide absorbent product group. The difference of these markers between sevoflurane and isoflurane was also compared using t-test in each carbon dioxide absorbent product group. In the patients using sevoflurane, repeated measures analysis of variance was performed to find the difference between the carbon dioxide absorbent products with (\> 0.5%) and without KOH. A value of P \< 0.05 was considered significant in all studies. Results are expressed as mean ± SD.

Results
=======

There were no cases of intra- or postoperative hemodynamic instability. Of the 80 subjects, three were excluded by withdrawal of agreement, three were excluded by anesthesia shorter than two hours, two were excluded by changes of schedule, one was excluded by pregnancy revealed at operation day, and one was excluded by malfunction of prepared isoflurane vaporizer. In the remaining 70 subjects, sex, age, height, weight, exposure to anesthetic agent, operation time, amount of crystalloid and colloid administration, blood loss, urine output, transfusion, type of surgery, and the incidence of laparoscopic procedure did not differ significantly between groups ([Table 2](#T2){ref-type="table"}). In addition, there was no inter-group difference in preoperative comorbidities (diabetes mellitus, hypertension, pulmonary tuberculosis, liver disease) and in the use of anti-hypertensive drugs and oral hypoglycemic agent. Intraoperative use of thiopental, propofol, vecuronium, rocuronium, and fentanyl, and postoperative dose of ketorolac used for patient controlled analgesia also did not show statistically significant differences. No subject used non-steroidal anti-inflammatory drugs for pain management in addition to PCA during the study period.

The preoperative BUN, serum creatinine, and urine NAG-creatinine ratio of all subjects were 11.4 ± 3.2 mg/dl, 0.74 ± 0.10 mg/dl, and 5.4 ± 3.4 IU/g Cr, respectively. These markers did not differ significantly between sevoflurane and isoflurane (P = 0.331, 0.452, and 0.756, [Table 3](#T3){ref-type="table"}).

The repeated measures ANOVA revealed no significant difference in changes (preoperative, 24 and 72 hours after surgery) of BUN, creatinine, and urine NAG-creatinine ratios between the patients who had anesthesia with sevoflurane and with isoflurane (P = 0.446, 0.073, 0.442). With the same analysis, no difference was found between the sevoflurane and the isoflurane subgroups in each carbon dioxide absorbent product group ([Fig. 1](#F1){ref-type="fig"}).

Compared with the preoperative value, renal markers at 24 hours after surgery also did not differ in all groups. The urine NAG-creatinine ratio at 72 hours after surgery was lower in the sevoflurane than in the isoflurane subgroup in the carbon dioxide absorbent group C (P = 0.0437, [Table 4](#T4){ref-type="table"}). Changes of serum BUN at 72 hours after surgery from the preoperative value were less in the patients with sevoflurane than isoflurane in group D (P = 0.03, [Table 5](#T5){ref-type="table"}).

Among the four carbon dioxide absorbents investigated in this study, two contained KOH. However, in patients using sevoflurane, the result of repeated measures ANOVA for changes of BUN, creatinine, and urine NAG-creatinine ratio shows no significant difference between the products with and without KOH (P = 0.476, 0.629, 0.712, [Fig. 2](#F2){ref-type="fig"}).

Discussion
==========

Carbon dioxide absorbent products can be classified into several groups: sodalime, Baralyme®, and lithium hydroxide (LiOH) based on their main chemical component. Sodalime, for example is composed of calcium hydroxide (Ca\[OH\]~2~), sodium hydroxide (NaOH), potassium hydroxide (KOH), and water. These chemical compositions of carbon dioxide absorbents can also influence their reactions with sevoflurane, and the production of compound A \[[@B7]\].

Of these materials, the strong bases, such as NaOH and KOH are traditionally used to improve the efficiency of carbon dioxide removal. However, some research has reported that using these substances can produce larger amounts of compound A than the absorbent without these materials \[[@B12],[@B14]\]. In addition to this, some authors have reported that the carbon dioxide absorbent products which does not contain these monovalent bases produce less compound A \[[@B15]\], although these differences were not shown in other studies \[[@B7],[@B11]\]. Though controversial, carbon dioxide with NaOH or KOH are not used in the United States and Germany. However, products containing these strong bases are nonethelessly used in other countries ([Table 1](#T1){ref-type="table"}).

Among the carbon dioxide absorbents tested in this study, Sodasorblime® and Sodalyme®, which contain KOH, are made in Korea. While Sodasorb® and Spherasorb®, which do not containing these materials, are the product of the United States and United Kingdom. However, the result of this study shows no significant difference between them ([Fig. 2](#F2){ref-type="fig"}).

The water in carbon dioxide absorbent also affects the production of compound A. For example, in Baralyme®, water decreases the concentration of compound A. However wet soda lime produce larger concentrations of compound A \[[@B16],[@B17]\]. Once opened, the water contents in carbon dioxide absorbent could be changed. To eliminate these disturbances, we replaced all carbon dioxide absorbents with new absorbents before the induction of anesthesia.

In this study, the decrease of BUN at 72 hours after surgery was less prominent in patients with sevoflurane than with isoflurane in group D. The urine NAG-creatinine ratio at 72 hours after surgery was lower in patients using sevoflurane than in isoflurane in group C. A simple interpretation of this result suggests that differences exist between the sevoflurane and isoflurane subgroups in some carbon dioxide product groups. However, clinical implication of these results is ambiguous because patients exposed to sevoflurane show less renal injury markers than the control group.

According to the literature, exposure to compound A over 150 ppm·h is known to cause dose dependent albuminuria, glucosuria, or enzymuria \[[@B5]\]. However, the exposure less than this level could not cause any detectable renal toxicity in human subjects. In this study, the use of sevoflurane was 2.36 ± 0.89 MAC h with a fresh gas flow of 2 L/min, which can be converted to 14 ppm/h of compound A based on a previous study \[[@B18]\]. This might be insufficient to cause renal toxicity. However, it could be relevant to the purpose of this study if there are significant differences between the nephrotoxicity of carbon dioxide absorbent products.

For evaluating renal safety, this study checked serum BUN, creatinine concentration and urine NAG-creatinine ratios. In the previous human studies, only urine albumin, glucose, alpha-GST (glutathione-S-transferase) and pi-GST were reported to be increased after exposure to compound A \[[@B19],[@B20]\]. In this study, serum BUN and creatinine were used, because not only are they the most widely used clinical markers of renal function, but also clinical significance of transient glucosuria, albuminuria, and enzymuria are uncertain \[[@B21]\]. Instead, urine NAG, a selective renal tubular injury marker \[[@B22]\], was used for differential diagnosis of other causes of renal injury because the renal tubule is the site damaged by compound A in an animal study \[[@B23]\].

In this study, sevoflurane was used with a fresh gas flow of 2 L/min. Our results are in accordance with another study evaluating liver and renal function after prolonged use of sevoflurane over 8 hours with a fresh gas flow of 5 L/min and 0.5 L/min \[[@B24]\]. In the study, BUN, creatinine, and uinalysis were checked, but all were within the normal range at 1, 3, and 5 days after surgery. They used one carbon dioxide absorbent product (Spherasorb®, Intersurgical, England) and the differences by carbon dioxide absorbents were not evaluated.

In this study, the renal safety between four carbon dioxide absorbent products in the patients under sevoflurane anesthesia was examined. As a result, some differences in renal safety markers were found but not to a clinically meaningful degree. However, carbon dioxide absorbent can produce materials that are inhaled into the human respiratory tract during sevoflurane anesthesia. From the result of this study, we recommend that the Food and Drug Administration in nations where it is not treated as a medical device should also consider treating it as a medical device and control it by the regulation on its efficacy and safety.
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The Chemical Compositions of Carbon Dioxide Absorbents
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Patients Characteristics in each Study Group
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There are no significant difference between parameters in each study group. ^\*^Sevo.: sevoflurane, ^†^Iso.: isoflurane, ^‡^EBL: estimated blood loss, ^§^MAC: minimum alveolar concentration.
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Preoperative Renal Safety Indicators of the Subjects with Respect to the Anesthetic Agent
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The Renal Safety Indicators at 24 Hours after Surgery in each Carbon Dioxide Absorbent Group
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The Changes of the Renal Safety Indicators at 72 Hours after Surgery Compared with Preoperative Value in each Carbon Dioxide Absorbent Group
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